instability is characterized by turbulence, with a smaller length scale than the flow depth, which is 10 mainly generated by the bottom friction. By introducing perturbations to the flow depth as well as 11 the streamwise and transverse velocities in the base state, the conditions required for perturbations 12 grow in time were studied over a wide range of (1) Froude number, (2) normalized non-vegetated 13 zone width, and three other dimensionless parameters which represent the relative effect of (3) bed
INTRODUCTION

24
The presence of vegetation is commonly observed in both natural and rectified watercourses. 
116 ∂H ∂t
117 wheret is time,x is the streamwise coordinate,ỹ is the lateral coordinate the origin of which is 118 taken at the interface between the vegetated and non-vegetated zones,Ũ andṼ are thex andỹ 119 components of the flow velocity respectively,H is the flow depth,T bx andT by are thex andỹ 120 components of the bed shear stress respectively,D x andD y are thex andỹ components of the 121 drag force due to vegetation respectively,T ij (i, j = x, y) is the Reynolds stress tensor, ρ is the 122 density of water, g is the gravity acceleration, and S is the bed slope of the channel. The tilde 123 denotes dimensional variables, which is to be dropped after normalization.
124
The drag force vector (D x ,D y ) is described by the expression 
whered is the diameter of cylinders andl x andl y are the distances between two adjacent cylinders 130 in thex andỹ directions respectively, as shown in Fig. 2 .
131
The bed shear stress is related to the flow velocity by means of the bed friction coefficient C f ,
132
such that
Though the bed friction coefficient C f is a weak function of the flow depth relative to the roughness 135 height, it is assumed to be constant and common in both vegetated and non-vegetated zones for 136 simplicity.
137
With the use of Boussinesq's kinematic eddy viscosity, the Reynolds stresses are expressed by
141
whereν T is the kinematic eddy viscosity. We assume that, in the base state before instability 142 occurs, the flow is already affected by turbulence, the length scale of which is smaller than the 143 flow depth (sub-depth scale turbulence). Where there is no influence of vegetation, the kinematic 144 eddy viscosityν T should correspond to the sub-depth scale turbulence generated by the bottom 145 friction. We employ the logarithmic velocity distribution as a sub-depth scale turbulent velocity 146 distribution due to the bottom friction. The kinematic eddy viscosity then takes a parabolic form,
147
which is depth-averaged from the bottom to the water surface, yielding
149 whereŨ f ∞ andH ∞ are the friction velocity and the flow depth in the region sufficiently far from 150 the vegetated zone, respectively, and κ is the Kármán constant (= 0.4). We assume that the sub-151 depth scale turbulence is rather isotropic. Therefore, the above formulation is expected to describe 152 the Reynolds stresses in the streamwise and lateral directions a sufficient distance from the vege-153 tated zone. Although the kinematic eddy viscosity in the horizontal direction is known to be larger 154 than in (6), as in Chen and Jirka (1997) whereν T = 0.2Ũ f ∞H∞ , we assumed that the increase in 155 the kinematic eddy viscosity is caused by large-scale horizontal vortices generated by instability.
156
In the shear layer formed around the boundary between the two zones, and inside the vegetated as in (6), for both the non-vegetated and vegetated zones.
170
At the side walls, the velocity vanishes in the directions both tangential and normal to the side 171 walls. The following conditions therefore hold:
174
In the shallow water formulation, however, it is not easy to make use of the conditions of vanishing 175 streamwise velocity (7a) (non-slip conditions). In place of these conditions, the following slip 176 conditions are often used:
178
At a sufficient distance from the boundary between the two zones, the streamwise velocity asymp- is constant at both side walls in the base state, i.e. for which 
The velocity and flow depth at a sufficient distance from the vegetated zone,Ũ ∞ andH ∞ are used 
198
The independent variablesx,ỹ andt are normalized with the use of the width of the non-vegetated 199 zoneB, such that
201
With the use of the above normalization, the governing equations (1) are rewritten in the form 
209
The above normalized governing equations include the four non-dimensional parameters β, ,
210
F and α. The parameter β, which expresses the relative importance of the bed shear effect, is 211 dependent on the aspect ratio of the non-vegetated zone A R =B/H ∞ , and the bottom friction
The parameter is associated with the eddy viscosityν T , expressed by (6), in the form
The Froude numberF is given by
218
The parameter α is related to the vegetation drag and density, and is defined by
220
BASE STATE NORMAL FLOW
221
The base state is set considering the fluid motion before the instabilities take place at the shear In the base state, (14a) reduces to
228
where U 0 is the streamwise velocity in the base state, which is a function only of the transverse 229 coordinate y.
230
The normalization of (Ũ ∞ ,Ũ −∞ ) leads to (1, φ), where φ is the ratio between the undisturbed 231 velocities in the vegetated and non-vegetated zones at a sufficient distance from their boundary,
232
which is related to the non-dimensional parameter α, such that
234
The domain of φ is 0 < φ ≤ 1; φ approaches to 0 when vegetation obstructs the flow completely 235 in the vegetated zone (α → ∞), and takes a value of unity when there is no vegetation (α = 0).
236
In the base state, the matching conditions (10) reduce to
238
There is a discontinuity in d 2 U 0 /dy 2 at y = 0. The velocity between the two zones ψ has a relation 239 with φ as
241
The above expression was determined from the integration of (20a-b) with respect to y and the
242
introduction of boundary conditions U 0 = (φ, 1) at y = (−B v , 1) and matching conditions (22).
243
Solving (20a,b) under the above referred conditions, we obtain the explicit analytical solutions
y + coth
246
The streamwise velocity in the base state U 0 is found to be expressed by hyperbolic-tangent and 
268
where A, k and ω are the amplitude, wavenumber and angular frequency of perturbation. In the 269 scheme of temporal linear stability analysis, k is real while ω is complex such that ω = ω r + iΩ,
270
where ω r is the real angular frequency and Ω is the growth rate of perturbation.
271
Substituting (25) into the governing equations (14), we obtain the following perturbed equa-
In the vegetated zone, (14) reduces to
Since the amplitude of the perturbation A is assumed to be infinitesimally small, the terms con- 
283
The boundary conditions of vanishing lateral velocity (7b) and vanishing shear stress (8) at the 284 side walls take the following forms at O(A):
286
At the interface between the vegetated and non-vegetated zones y = 0, the matching conditions 288 reduce to
290
Although there are five matching conditions in (29), only four of them are independent since, if four 291 of them are imposed, the other condition is automatically satisfied. Thus, one of these conditions 292 can be dropped afterwards.
293
A numerical scheme is necessary to solve (26) and (27) under the boundary and matching
294
conditions (28) and (29), as the equations obviously do not admit analytical solutions. We employ 295 a spectral collocation method with the Chebyshev polynomials. In the non-vegetated zone (0 ≤ 296 y ≤ 1), the variables U 1 , V 1 and H 1 are expanded in the form
298 and, in the vegetated zone (−B v ≤ y ≤ 0), they are expanded in the form 
where M is a 6(N + 1) × 6(N + 1) matrix in which the elements consist of the coefficients of U 1 ,
314
V 1 and H 1 in the governing equations (26) and (27), and the boundary and matching conditions 315 (28) and (29). The condition for (33) to have a non-trivial solution is that M should be singular.
316
Thus,
318
The solution of the above equation takes the functional form
320
RESULTS AND DISCUSSION
321
As seen in ( the Chebyshev polynomials, with results independent of the numerical resolution.
335
In Fig. 4(a) , the dependence of Ω on β is studied for the case = 6 × 10 . In this range, the dissipation rate Ω.
362
The dependence of Ω on the vegetation drag parameter α is studied in Fig. 6 . It is found that, in 
380
The dependence of Ω on the Froude number F is studied in Fig. 8 gradients when F 2.3 in Fig. 8 , it is unstable to gravity when F 2.6. it becomes unstable to gravity in this range when F = 2.5. As F increases from 0.5 to 2.5, the 
396
Once the characteristic frequency of the generation of vortices ω rm associated with the max-397 imum growth rate Ω m is determined, the corresponding time periodT can be calculated by the 398 following relation: interactions may result in the increase of the mixing efficiency, which is apparently equivalent to 423 the increase in the kinematic eddy viscosity.
424
The vortex shedding period may be longer due to the nonlinear interaction among vortices with 425 a variety of length scales and frequencies. Therefore, in order to gain a qualitative understanding of 426 the effect of nonlinear interaction, a weakly nonlinear stability analysis will no doubt prove useful.
427
CONCLUSIONS
428
In this paper, we propose a new linear stability analysis of flow with a lateral velocity gradient 
481
NOTATION
482
The following symbols are used in this paper: 
